We developed a novel production method for stereoblock poly(lactic acid) (sb-PLA) from glycerol that is a by-product of biodiesel fuel (BDF) production process. It includes the novelties of (1) the conversion of glycerol into racemic lactic acid by alkaline hydrothermal reaction and (2) the stereoselective polymerization of lactide isomers by using an achiral homosalenaluminum complex as a catalyst to synthesize sb-PLA. For practical use of these novel methods, we have constructed bench plants that can produce mixture of lactide isomers from glycerol. The throughput capacity of glycerol in the bench plant is about 50 tons/year. The bench plant was controlled stably for ~100 hours, and it was confirmed that racemic lactic acid and then the mixture of lactide isomers were produced by the bench plants.
Operation of bench plants producing racemic lactic acid and lactide isomers from glycerol, a by-product of biodiesel fuel production process 
Introduction
Recently, because of concerns about petroleum depletion or global warming, various developments on renewable resources such as bioplastics and biodiesel fuel (BDF) are performed. In 2010, production capacity of bioplastics has reached 724,000 tons/year [1] , and production capacity of BDF has reached 16,000,000 tons/year [2] . This trend of BDF is also similar in Thailand. For instance, the latest goal of BDF production is set to 4.5 million litres/day by year 2022 which is almost four times in 2008 (1.2 million litres/day) [3] . However, one of the problems about bioplastics production process is an unstable supply of crops as a raw material, and one of the problems about the BDF production process is an effective use of discharged glycerol which is obtained at a weight ratio of 1/10 (glycerol/BDF). We developed a novel method for producing poly(lactic acid) (PLA) from glycerol which is a byproduct of BDF production process. Although PLA is a typical bioplastics, the PLA we aim to produce is stereoblock poly(lactic acid) (sb-PLA). This sb-PLA is semi-crystalline and some of the sb-PLAs showed T m (up to 210 °C) higher than that of poly(L-lactic acid) (PLLA) or poly(D-lactic acid) (PDLA) (T m ~170 °C) [4] [5] [6] . If we can put the novel method to practical use, it is possible to solve both problems of bioplastics and BDF at the same time. Moreover the method can contribute to formation of a recycling society.
Usually raw material of PLLA is L-lactic acid obtained by fermentation of sugars from crops. PLLA can be obtained by using a tin catalyst via the polymerization of L-lactide (LLA) which is a cyclic dimer of L-lactic acid [7, 8] . On the other hand, according to our novel method raw material of sb-PLA is racemic lactic acid obtained by alkaline hydrothermal reaction of glycerol [9] . The sb-PLA can be obtained via the stereoselective polymerization of racemic lactide (rac-LA), which is a 1:1 mixture of LLA and D-lactide (DLA), by using an achiral homosalenaluminum complex as a catalyst [4] [5] [6] . Due to formation of a stereocomplex crystal structure, the sb-PLA has a higher melting point than that of PLLA.
In order to commercialize the sb-PLA from glycerol, we have constructed bench plants to produce the mixture of lactide isomers. Glycerol throughput capacity is about 50 tons/year. The purposes of this study are to confirm that the bench plants can be stably controlled and to investigate the properties and yields about racemic lactic acid and the mixture of lactide isomers by using these bench plants. In this paper, we report the bench plants operating conditions and properties of the mixture of lactide isomers from glycerol.
Theory
The conversion mechanism of glycerol into racemic lactic acid by alkaline hydrothermal reaction is shown in Scheme 1 [9] . Glycerol is converted to glycerol alkoxide by acid-base equilibrium. Glycerol alkoxide is decomposed into 2-hydroxypropenal and hydrogen by nucleophilic rearrangement of H . 2-Hydroxypropenal is converted to pyruvaldehyde by keto-enol tautomerism. Pyruvaldehyde is converted to lactic acid ion by benzilic acid rearrangement (or intramolecular Cannizzaro reaction).
The mixture of lactide isomers are synthesized from racemic lactic acid via a two-step reaction as shown in Scheme 2 [8] . In the 1 st step, racemic lactic acid is converted into oligomer of 10 20 polymerization degree by dehydration condensation reaction under heating and vacuum condition. In the 2 nd step, oligomer is converted into the mixture of lactide isomers by equilibrium reaction under a higher heating and vacuum condition. The mixture of lactide isomers composed of rac-LA and meso-lactide (meso-LA).
The synthesis mechanism of sb-PLA by stereoselective polymerization of rac-LA with an achiral homosalenaluminum complex as a catalyst is shown in Scheme 3 [4] . The rac-LA is polymerized by the catalyst (L 2 Al-OBn) which has an achiral salen-type ligand. In the initiation reaction, achiral L 2 Al-OBn is converted into an asymmetric composite by combining with chiral LLA. The combining position of L 2 Al-OBn and monomer becomes a growing end of polymer. In propagation stage, monomers are one after another bound to the growing end, and the polymer grows. At this stage, the monomer with the same chirality as the one of the growing chain-end of the polymer is selectively imported to afford the isotactic polymer. Ultimately, when the polymer growing end is LLA, PLLA is growing because of successive import of LLA. When the polymer growing end is DLA, PDLA grows because of successive import of DLA. In this way, PLLA and PDLA are synthesized from rac-LA. Since the stereoselectivity is less than 100% under present circumstances, the mismatched monomers are imported at a certain intervals. As a result, the obtained PLA becomes multiblock stereocopolymer. Scheme 1. Lactic acid production pathway from glycerol. Scheme 2. Mixture of lactide isomers production pathway from racemic lactic acid. 
Bench plants
sb-PLA production process is composed of many units as shown in Fig.1 , Lactic acid, Separation, Dehydration, Lactide, Purification, and Polymerization. In this paper, lactic acid unit and lactide unit are reported.
Diagram of lactic acid production plant is shown in Fig.2 . The reactor is plug flow reactor. Raw liquid composed of glycerol, NaOH, and water was fed to reactor by quantitative high pressure pump. Conditions in the reactor were controlled to fixed temperature and pressure. Glycerol was decomposed into lactic acid and H 2 in the cylindrical reactor by alkaline hydrothermal reaction. Lactic acid was fed out as sodium lactate. H 2 was fed out as hydrogen gas after separated from liquid phase.
As shown in Fig.3 , lactide production plant is composed of dehydration condensation unit and lactide production unit. Both reactors are continuous stirred tank. Raw liquid of lactic acid was fed to the reactor with Sb 2 O 3 as a catalyst by quantitative pump. Conditions in the reactor were controlled to certain temperature and vacuum. In the dehydration reactor, lactic acid was decomposed into water and oligomer of 10 to 20 polymerization degree by dehydration condensation. Water was fed out as a vapor phase, and oligomer was fed out as a liquid phase respectively. In the lactide production reactor, oligomer was converted into the mixture of lactide isomers by equilibrium reaction, and was fed out as vapor. Unreacted oligomer was fed out as liquid and fed back to the dehydration reactor. 
Test conditions
Test conditions for producing lactic acid and the mixture of lactide isomers by bench plants are shown in Table 1  and Table 2 . In this test, reagent of glycerol and lactic acid were used instead of the actual raw materials. Glycerol (98.5 wt%) was obtained from Kao Co., lactic acid (90 wt%) was obtained from Musashino Chem. Labo., Ltd., and Sb 2 O 3 (STOX-CA) was obtained from Nihon Seiko Co., Ltd. Test conditions of lactic acid were 300 ºC, 9 MPa. Test conditions of the mixture of lactide isomers were 200 ºC, 15 mmHg. 
Result and discussion

Control of bench plants
As for lactic acid production plant, fluid in the reactor was two-phase fluid of liquid and hydrogen gas generated from glycerol. Therefore, controlling feed rate and pressure is difficult and important. Operating conditions of the lactic acid production plant is shown in Fig.4 . It was possible to control the conditions such as pressure, feed rate, and temperature of lactic acid production plant. Over 100 hours, these parameters have remained stable.
As for lactide production plant, it was necessary to feed out the mixture of lactide isomers as vapor phase, and to feed out oligomer as liquid phase at the same time under high vacuum condition. Therefore, controlling feed rate and vacuum was difficult and important. Operating conditions of the lactide production plant is shown in Fig.5 . It was possible to control the conditions such as feed rate, vacuum, and temperature of lactide production plant. About 20 hours, these parameters have remained stable. 
Properties of products
Mass balance of lactic acid obtained by bench test is shown in Table 3 . Yield of lactic acid was about 59 wt%. Generated by-products were acetic acid, formic acid, methanol, and ethanol, etc. In order to increase the yield of lactic acid, it is necessary to investigate the cause of generation of by-products and to consider reaction conditions of producing lactic acid.
Molar balance of the mixture of lactide isomers obtained by bench test is shown in Table 4 . Yield of the mixture of lactide isomers was about 72 mol%. By-products such as unreacted lactic acid or linear dimer can be fed back to raw materials, therefore the actual yield will be higher. Composition of the mixture of lactide isomers was LLA : DLA : meso-LA = 31 : 31 : 38 (mol%). Composition of meso-LA was less than stochastic ratio of 50 mol%. It is considered that meso-LA is thermodynamically unstable than rac-LA, hence meso-LA was degraded after being generated. Table 3 . Mass balance of lactic acid (wt%). Table 4 . Molar balance of the mixture of lactide isomers (mol%).
Theme in the future
Bench plant is still under development and many themes are left. For example, construction of polymerization unit, bench test using actual glycerol discharged from BDF plant, evaluation of mechanical properties of sb-PLA sample, and sample work such as compounding and molding. In order to commercialize this method, these themes should be resolved, therefore we will develop these themes in the future.
Conclusion
Each bench plants could be controlled stably and were operated for a long time. It was possible to control the conditions such as pressure, feed rate, and temperature of lactic acid production plant. Over 100 hours, these parameters have remained stable. Lactic acid yield produced by the plant was about 65 wt%. It was possible to control the conditions such as feed rate, vacuum, and temperature of lactide production plant. About 20 hours, these parameters have remained stable. Lactide yield produced by the plant was about 72 mol%. Composition of the mixture of lactide isomers was LLA : DLA : meso-LA = 31 : 31 : 38 (mol%). 
